The ras family of oncogenes encode closely related 21,000-dalton proteins, generically designated p21 (9) . ras genes were first described in two acutely transforming retroviruses: Harvey and Kirsten murine sarcoma viruses. The viral ras genes have subsequently been shown to represent transduced cellular genes which have undergone subtle alterations (7, 8) . In cells transformed by Harvey or Kirsten murine sarcoma viruses, high levels of p21 expression occur; low-level expression of p21 occurs in uninfected nontransformed fibroblasts (18) . Aberrant p21 expression transforms certain cells to malignant phenotype (9) . This can occur in either of two conceptually distinct ways: either high-level expression of normal cellular p21 or low-level expression of "activated'" p21 can transform. The first is exemplified by malignant transformation observed when a human cellular Harvey rias gene (c-rasH) ligated to the Harvey murine sarcoma virus long terminal repeat is transfected into NIH3T3 cells (2) . The use of the NIH3T3 transfection assay for detection of cellular transforming genes has brought to light activated ra.s proto-oncogenes which transform even at low levels of expression (5, 35, 36) . Those activated ras genes from human malignant cells which have been characterized show point mutations resulting in single amino acid substitutions in the expressed p21 (28, 36. 37) . In the human bladder carcinoma line T24, a point mutation in c-rasH_1 resulting in a change at amino acid 12 of p21 from glycine to valine is responsible for activation (28, 36, 37) .HH p21V-''' differs from ratH p21c'r'' only at amino acid positions 12 and 59; p21v(JA" has arginine and threonine at these positions, whereas rat p21clr"H has glycine and alanine (9) . The effect of the arginine in position 12 has not been fully elucidated, but even low-level expression of v-rasH produces transformed foci, although with lower efficiency than does high-level expression (R. Ellis, personal communication). The position 59 threonine introduces one important biochemical difference between p21vlrH and p21'-'"' (see below).
Several forms of cellular and viral p21 have been extensively purified and studied biochemically (25) . Purified p21 specifically binds certain nucleotides, in particular GDP and GTP (and dGDP and dGTP) (29, 31) . In addition, p21vlr(" * Corresponding author. 343 and p21V-17S can carry out phosphate transfer from the -y position of GTP (but not ATP) to threonine in position 59 (31, 32) . This is an intramolecular autophosphorylation (31) . No cellular target for p21 has been identified, and p21 has not shown protein kinase activity in vitro other than autophosphorylation. One of the most significant stumbling blocks to further characterization of p21 has been paucity of purified material for study. Therefore, we decided to express p21 in Escherichia coli and chose p21V.r't.N for this purpose. We report here the production in E. coli of abundant, soluble, biochemically active p21 encoded by v-rasH. Additionally, direct interaction of this expressed p21v-r' H with guanine nucleotides is demonstrated by photoaffinity labeling of the bacterially expressed p21 with Ro-32PIGTP.
MATERIALS AND METHODS
Abbreviations. bp, Base pair; HaMuSV, Harvey murine sarcoma virus; IPTG, isopropyl-3-D-thiogalactopyranoside; LacZ, E. coli 3-galactosidase; MCS, multiple-cloning-site polylinker of pUC8; SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
Cells. E. (oli JM103 has been described previously (40) . NIH3T3 cells (16) transformed by transfected cloned HaMuSV DNA, designated NIH-13 A clone 2, have also been described previously (25) .
Cloning strategy. The expression vector used was pUC8 (22, 40) (4) .
For expression of p21, we utilized a directional, in-frame insertion of the entire coding sequence of p21vlr(s into pUC8 (Fig. 1) (41) , and finally digestion with Pstl. The resulting 720-bp fragment was separated from the other fragments (4362, 1980, 520, 350 , and 210 bp) on a bisacrylyl-cystamine-acrylamide gel and recovered by dissolution of the gel in 3-mercaptoethanol (14) . This fragment was ligated with T4 DNA ligase (20) into pUC8 which had been cut with HincII and PstI. Restriction endonucleases were used as recommended by the supplier (New England BioLabs). The expected sequence of the fusion product is shown in Fig. 2 . The remainder of the viral sequence is found in reference 6. The ligation mix was used to transform E. coli JM103, and ampicillin-resistant colonies which were white in the presence of 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside were screened immunologically, using a primarysequence-dependent monoclonal antibody against p21. previously (23) . Colonies were transferred to nitrocellulose filters and incubated for 5 min in each of the following: 0.5 M NaOH, 1.5 M Tris-hydrochloride (pH 7.4), 2x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and 70% ethanol. After baking for 2 h at 80°C, the filters were prehybridized for 3 h at 37°C in buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, and 3% bovine serum albumin. Monoclonal anti-p21 anitbody Y13-259 (11), radioiodinated with chloramine T (15), was added (106 cpm/ml), and the incubation continued for 16 h at 22°C. The filters were then washed for 30 min in buffer containing 50 mM Tris (pH 7.4), 150 mM NaCI, and 0.1% SDS, followed by four washes of 30 min each in the same buffer without SDS at 22°C. The filters were then air dried and autoradiographed with XAR film (Kodak) and Cronex Lightning-Plus intensifying screens (DuPont) at -70°C for 6 h.
Electrophoresis was carried out essentially as described by Laemmli (17) , using 12% SDS-polyacrylamide gels, cross-linked with bisacrylamide in a ratio of 37.5:1. Gels of [35S]methionine-labeled protein were treated with dimethyl sulfoxide-2,5-diphenyloxazol as previously described (1). Fluorography and autoradiography were performed at -70°C with XAR film and Cronex Lightning-Plus intensifying screens for 32p or 125i.
Antibody stains of proteins separated by SDS-PAGE (Western blots) were performed by a modification of the method of Towbin et al. (38) . After 12% SDS-PAGE, the proteins were electroblotted onto nitrocellulose filter paper (0.2-p.m pore size; Schleicher & Scheull, Inc.) in transfer buffer containing 192 mM glycine, 25 mM Tris-hydrochloride (pH 8.3), and 20% methanol (vol/vol) for 3 h at 4°C and 300-mA constant current. The filter was then prehybridized in 50 mM Tris (pH 7.5)-150 mM NaCI-2 mM EDTA-0.1% Nonidet P-40 containing 3% bovine serum albumin for 3 h at 37°C. Radioiodinated monoclonal anti-p21 antibody Y13-259 was then added (106 cpm/ml), and the filter was incubated for 16 h at 4°C. The filter was then given four 30-min washes with the same buffer minus bovine serum albumin, air dried, and autoradiographed.
E. coli clones were labeled with [35S]methionine as follows. Cells were grown at 37°C in M63 medium containing 0.2% glucose, 100 j,g of thiamine per ml, 100 p.g of ampicillin per ml, 1 mM IPTG, and 20 j.ug/ml each of standard amino acids except methionine to log phase. [35SJmethionine (100 ,uCi/ml) was added, and incubation continued for 1 h. The cells were then pelleted, and lysates were prepared as described below.
Labeled extracts of mammalian cells transformed by cloned HaMuSV DNA were prepared as previously described (34) .
Lysates of E. coli cultures were prepared as follows. Cells were grown to log phase, centrifuged, and resuspended in 0.10 volume of 50 mM Tris-hydrochloride (pH 7.5)-25% sucrose (wt/vol)-lysozyme (100 jig/ml) and incubated for 15 min at 4°C. The solution was then brought to 0.5% Nonidet P-40, 400 mM NaCl, 5 Partial purification of the E. coli p21 was performed by modification of the procedure previously applied to mammalian cell extracts (25) . The bacterial lysates prepared as described above were precipitated by using sufficient ammonium sulfate to bring the solution to 45% saturation. After centrifugation at 100,000 x g for 20 min at 4°C, the precipitates were resuspended in 15% of the original volume of 0.05% Nonidet P-40-20 mM Tris (pH 7.5)-3 mM dithiothreitol. After dialysis at 4°C against 100 volumes of the same buffer with two changes, the protein was batch adsorbed to DEAE-52 and step eluted as previously described (25) .
Immunoprecipitation of labeled lysates was performed as previously described (25) . Volumes of labeled lysates containing 107 cpm of trichloroacetic acid-precipitable material were used for each lane.
Biochemical analyses of p21. GDP binding assays were done as described previously (29) .
Autophosphorylation of p21 in solution was performed essentially as previously described (31) . Each reaction mixture contained 10 [L of E. coli lysate prepared as described above, 1.2 ,uM [ry-32PIGTP (420 Ci/mmol), and 1 mM ATP in 50-pI total volume of 50 mM Tris-hydrochloride (pH 8.0)-100 mM NaCI-1% Triton X-100-5 mM MgCl,. The unlabeled ATP reduced background protein phosphorylation without diminishing p21 autophosphorylation. The reaction mixture was incubated for 60 min at 37°C and then quenched with an equal volume of 2x SDS-PAGE sample buffer, boiled for 5 min, and subjected to 12% SDS-PAGE. Polyacrylamide gels were fixed, dried, and autoradiographed with XAR film and Cronex Lightning-Plus intensifying screens at -70°C.
Direct photoaffinity coupling of GTP to E. coli p21 was carried out by a modification of procedures previously described for direct photoaffinity labeling of ribonucleotide reductase with dTTP (10) and of influenza protein with GTP (39) . Each reaction mixture contained the following in a total volume of 50 ,ul: 10 pul of E. coli lysate prepared as described above, 1.2 F.M [oc-32P]GTP (420 Ci/mmol), 1 mM ATP, 50 mM Tris-hydrochloride (pH 8.0), 100 mM NaCl, 5 mM MgCl2, and 1% Triton X-100. The reaction mixture was incubated for 1 h in the dark at 4°C. The mixture was then exposed to UV light (maximal emission, 254 nm) on Parafilm on ice at an intensity of 1.8 mW/cm2 for various lengths of time from 0 to 60 min. At the end of the UV exposure period, the reaction was quenched by the addition of an equal volume of 2x SDS-PAGE sample buffer and boiled for 5 min. The samples were then subjected to 12% SDS-PAGE, fixed, dried, and autoradiographed as described above.
RESULTS
Employing the cloning strategy depicted in Fig. 1 These clones were grown in liquid culture and examined first by Coomassie blue stain after 12% SDS-PAGE. As shown for a typical clone in Fig. 3 , the LacZ-Ampr clones show a new band at about 28 kilodaltons (kd)-consonant with the weight predicted from the expected sequence (Fig.  2) -comprising about 10% of the total protein. All clones tested which gave positive signals (and none of the clones giving negative signals) in the immunological colony screen showed this unique band. Despite the fact that E. coli JM103 is a lacIq strain, even in the absence of IPTG a significant amount of p21 was made by positive clones (data not shown). However, in most, but not all clones, the production of p21 could be augmented by induction with 1 mM IPTG. No deleterious effect on bacterial growth was observed in clones of E. coli expressing v-rasH. Therefore, the bacteria were subsequently grown in Luria-Bertani broth with ampicillin rather than in minimal medium. Clones of JM103 expressing p21 therefore were released from selective pressure to retain the F factor which carries lacIq and became largely constitutive for p21 synthesis.
When the E. coli cells were disrupted by treatment with lysozyme, Nonidet P-40, and DNase (see above) and then centrifuged, greater than 95% of the unique 28-kd band was in soluble form in the supernatant (data not shown). Solubilization of overexpressed protein could also be obtained in the absence of detergent by sonication of whole bacteria or by lysozyme treatment followed by several cycles of freezing and thawing, presumably indicating a cytosolic location. Lysates from a number of clones show the unique band at 28 kd (Fig. 3, lanes 3 through 6) , and the presence and intensity of the band correlate with positive results on immunological colony screening.
To establish that this 28-kd band represented expressed p21v-'' H, immunological staining of proteins separated by SDS-PAGE (Western blots) was performed (Fig. 4) . The band at 28 kd reacted strongly with monoclonal anti-p21 antibody Y13-259, which recognizes denatured or native p21l'"' and presumably recognizes primary structure (11) .
The molecular weight indications in Fig. 4 (33) . To investigate whether these differences have a major effect on the conformation of the E. coli p21vrl% Hwe used a number of anti-p21 monoclonal antibodies recognizing native but not denatured p21v"'s' to try to immunoprecipitate the expressed protein from [355]methionine-labeled E. coli clones (Fig. 5) . A unique band of about 28 kd is recognized in these extracts by monoclonal antibodies YAG-172, YAG-238, and Y13-259 (11) . Additionally, four other conformation-dependent anti-p21 monoclonal antibodies also immunoprecipitated the E. coli p21V-rHsH ( indicate that about 1% of the total protein in the E. coli lysates of clones 2 and 4 is p21 retaining this activity. The percentage of p21 protein in these lysates as estimated from
Coomassie blue-stained gels appears to exceed 10% (Fig. 3), indicating that only 10% of the expressed p21 is active in the < 31 K lysates. The biochemical activities which have been identified for p21vt IW are (i) binding of guanine nucleotides (29, 31) and (ii) autophosphorylation utilizing GTP (31) . To determine whether the E. coli protein displayed these activities, lysates prepared as described above were tested in the GDP binding assay previously described. Incubations in this assay are sufficiently long to allow full exchange with unlabeled guanine nucleotide prebound to the expressed protein in the lysates (data not shown). Typical results (Table 1) . Clones 1 to 4 of E. coli were grown to log phase in LB broth. and 50-pul samples were subjected to 12% SDS-PAGE. The separated proteins were electroblotted onto nitrocellulose paper and incubated with radioiodinated monoclonal antip21 antibody. as described in the text. Lanes 1 and 2. Samples of clone 1 (E. coli JM103 with pUC8); lanes 3 and 4. clone 2 (E. coli JM103 with pRAS1): lanes 5 and 6. clone 3 (E. coli JM103 with pUC8 interrupted by an inactive insert): lanes 7 and 8. clone 4 (an independent isolate of E. coli JM103 with pRAS1). Paired lanes are either uninduced (odd-numbered lanes) or induced with 1 mM IPTG during growth (even-numbered lanes). Molecular weights are approximated by migration of prestained protein markers. K. 103. Evidence from the study of mammalian and viral p21 species strongly suggests, but does not prove, that guanine nucleotide binding is a property of p21 itself. We therefore sought direct proof of thp interaction of guanine nucleotides with the E. coli p21vrls . As described above, [cx-32P]GTP was incubated with E. coli lysate in the presence of excess cold ATP. The incubation mixture was then exposed to UV light, quenched, and electrophoresed. There is UV lightdependent covalent attachment of the labeled nucleotide to the 28-kd protein which is maximal by about 30 min of UV exposure (Fig. 7A) . After partial purification by ammonium sulfate precipitation and DEAE-52 ion-exchange chromatography as described above, the 28-kd band still underwent UV light-dependent covalent labeling with [a-32P]GTP (Fig.  7A, lanes 10 through 13) . To prove that this labeled band is E. coli p21vras, the reaction mixture was immunoprecipitated after UV coupling of [oa-32P]GTP to the protein. The labeled 28-kd band was uniquely precipitated by anti-p21 monoclonal antibody Y13-259, establishing its identity as the ras gene product (Fig. 7B) In an earlier construction tried in this laboratory using a different vector (24) coli. This is consistent with the observation that p29, a p21-related gag-ras fusion protein from Rasheed murine sarcoma virus, still is biologically active (26) and binds GTP (29) . AutophKosphorylation at position 59 is not seen with p29v-rJ 'R, but this presumably reflects the presence of alanine rather than threonine in the position equivalent to residue 59 of p21v""" H (27) . In addition to having an altered amino terminus, the p21 expressed in E. coli differs at its carboxyl end from the predominant form found in either uninfected cells or cells transformed by HaMuSV. Despite these differences at amino and parboxy termini, high-level expression of the LacZp21v-ras fusion protein described in this paper does transform mammalian cells (data not shown). In mammalian cells, p2l('(S is produced as a 22,000-dalton precursor (pro p21'*H) found mostly in the cytoplasm. Over about 12 h, labeled pro p2lrasH can be followed into the plasma membrane after processing, which involves proteolytic cleavage of the carboxyl terminus (33) , possibly between amino acids 169 and 170 (Arg and Lys in the sequence Lys-Leu-Arg-Lys). Mammalian p2lras" also contains tightly bound lipid (30 (25) . That these activities are also displayed by the E. coli-expressed p21v-rasH is additional compelling evidence that these are intrinsic properties of p21. Expression of a portion of enzymatically active v-abl in E. coli leads to the appearance of novel phosphotyrosinecontaining phosphoproteins in the bacteria, supporting the role of the v-abl gene product as a tyrosine-specific protein kinase (42) . No unique phosphoproteins (other than the expressed p21) could be identified in E. coli expressing p21V-ras , after incubation either of whole cells with 32p, or of bacterial lysates with [y-32P]GTP and excess cold ATP.
These results suggest either that p21 is not a protein kinase (except for autophosphorylation) or that its substrate requirements are more stringent than those of the promiscuously phosphorylating v-abl gene product.
That the expressed p21 can be specifically photoaffinity labeled with GTP establishes that this nucleotide-binding activity is an intrinsic property of p21. Which portion(s) of p21 is responsible for guanine nucleotide binding is unknown, but it has been speculated that amino acid 12 is part of the binding site (12, 43) . Specific cleavage and identification of the E. coli p21 fragments covalently linked to the labeled ligand should allow localization of the guanine nucleotide-binding site.
